ABSTRACT: The purpose of this study. was to assess the importance of pre-and post-settlement processes in the temperate reef fish Tautogolabrus adspersus at multiple spatial scales and in 2 distinct regions, Newfoundland, Canada, and the Gulf of Maine, USA. We examined a total of 20 sites (separated by 100 to 1000 m) nested within 10 locations (separated by ca 10 km). Greater numbers of adult fish were observed in Newfoundland than in the Gulf of Maine; however, higher abundances of newly recruited fish occurred in the Gulf of Maine. An experiment in which we provided standardized habitats in both regions also revealed that recruitment was higher in the Gulf of Maine than Newfoundland. In the Gulf of Maine, variation in the densities of adults and newly recruited fish was most pronounced among sites, but in Newfoundland we detected pronounced variability at both the site and location scales. Algal height was not associated with among-site variability in the abundances of recruits or adults. Algal coverage, however, was an important predictor of variability of fish abundance in the Gulf of Maine but not in Newfoundland. The age structure of Newfoundland populations suggests that strong recruitment years are rare, while in the Gulf of Maine the age structure is consistent with the expectation of declining abundance with age. Our data suggest that pre-settlement processes are not of primary importance to cunner populations in the Gulf of Maine. Rather, we hypothesize that habitatrelated differences in post-settlement processes are the most significant factors affecting these populat i o n~. However, in Newfoundland the evidence gathered thus far supports the hypothesis that episodic settlement is responsible for much of the variation in population size in this region.
INTRODUCTION
Central to our understanding of the ecology of population~ and communities is determining what factors or processes limit or generate change in the size of population~. In the past, some workers have suggested that density-independent factors such as fluctuating abiotic conditions were most important in determining population size (Andrewartha & Birch 1954) ; others advocated density-dependent biotic processes such as competition (Lack 1954) or predation (Errington 1946) as the predominant processes affecting populations. Unlike many of the species studied historically, most marine species have complex life cycles in which larvae are pelagic and widely dispersed, whereas adults are benthic or demersal and relatively site-attached (Sale 1980 , Doherty & Williams 1988 , Roughgarden et al. 1988 ). Because of their life history, most marine populations, including reef fishes, are considered to be 'open', in which local production of offspring on a scale of meters to kilometers has little to do with recruitment to that same site (Cowen 1985 , Roughgarden et al. 1985 , Warner & Chesson 1985 , Doherty & Williams 1988 . Such populations have broadened the historical debate on the importance of density dependence versus density independence, and a major challenge presently facing marine ecologists is to distinguish between the importance of densi.ty-dependent and density-independent processes occurring prior to or after settlement (Underwood & Denley 1984 , Menge & Sutherland 1987 , Doherty 1991 , Jones 1991 , Robertson 1991 , Gaines & Bertness 1992 . In this paper we refer to 'settlement' as the permanent movement of individuals from the water column to the benthos and 'recruitment' as the numbers of indivi.duals surviving some arbitrary time after settlement (Connell 1985) .
Three general models have been advanced to predict how the distribution and abundance of adult fish will vary in time and space. The first of these models asserts that potential settlers are plentiful, and competition for space or food results in density-dependent rates of recruitment. The prediction from this model is that larval settlement and/or early post-settlement mortality is inversely related to the densities of conspecifics (Doherty 1983) . A second model termed 'recruitment limitation' asserts that sites are undersaturated with settlers and that upper limits of abundance are set solely by variability in larval supply (Doherty 1981 , Victor 1983 ). Additionally, a more restrictive interpretation of this model suggests that populations are not only limited by larval supply, but that variation in larval supply causes subsequent variation in population abundance even when some post-settlement density-dependent mortality occurs (Doherty & Williams 1988) . Thus. this model predicts that temporal variation in larval supply is preserved in the age structure of the population and spatial variation in larval supply is reflected in subsequent patterns of abundance in demersal populations (Victor 1986 , Doherty 1987 , Mapstone & Fowler 1988 , Doherty & Fowler 1994 . A third model argues that predation on new recruits and juveniles can be the predominant process affecting the local dynamics of demersal fish populat i o n~. This hypothesis suggests that if predation pressure on individual fish is sufficiently intense, abundances will be low enough that competition for non-refuge resources does not frequently occur (Hixon 1991) . If predators are abundant and refuges from predators are limiting, this model predicts that there will be competition for refuges (Hixon & Beets 1993) . However, when settlement is low, density-dependent mortality should not occur.
Although we have presented these 3 models as mutually exclusive alternatives, recent work has emphasized the need to adopt a more pluralistic approach (Warner & Hughes 1988 , Doherty 1991 , Hixon 1991 , Jones 1991 . Single factor explanations are often too simplistic to adequately explain variability in population structure (Strong 1986 , Jones 1987 , Forrester 1990 , Hixon & Beets 1993 . Several workers have suggested that populations may be both resource and recruitment limited in different locations or at different times (Jones 1.984, Roughgarden 1986 , Hixon & Beets 1989 , 1993 , Nisbet & Bence 1989 , Carr 1994 . For demersal fishes that are site-attached, the relative importance of settlement, resource availability, and predation pressure may differ in patches that are only separated by a few meters. Consequently, over the geographic range of a species, there is no a priori reason to anticipate that the relative importance of various demographic processes should remain constant. Moreover, fluctuations in settlement can influence density-dependent post-settlement processes (Forrester 1990 , Jones 1990 , Hixon & Beets 1993 .
The relative importance of pre-and post-settlement processes on the abundances of adult fishes is likely to be scale-dependent (Smith 1978 , Cowen 1985 , Doherty 1991 , Williams 1991 , Fowler et al. 1992 . At large spatial scales (10s to 100s of km) variation in the delivery of pelagic pre-settlement fish can be affected by oceanographic processes such as current patterns (Cowen 1985) . Additionally, mesoscale oceanographic anomalies may produce episodic pulses of settlement and recruitment by delivering pelagic propagules to sites that are at the geographical limits of a species range (Dayton & Tegner 1984 , Cowen 1985 . Biotic interactions are generally more important at small spatial scales than at large scales (Antonovics & Levin 1980 , Addicott et al. 1987 , Levin 1992 . Small-scale interactions between settling fish and resident conspecifics can produce variability in settlement (Sweatman 1985 , Booth 1992 , and it is only at small scales where the importance of competition (Jones 1986 , Forrester 1990 or predation (Hixon & Beets 1993 , Carr & Hixon 1995 have been unequivocally documented for reef fish.
Tests of models that attempt to explain fluctuations in the abundance of demersal fishes have largely been conducted in coral reef habitats, at small spatial scales, and in single geographic locations. The purpose of this study was to examine the significance of recruitment to populations of a temperate reef fish at multiple scales. We first described variability in abundance in space and time of a temperate wrasse, the cunner Tautogolabrus adspersus, at numerous sites in the Gulf of Maine, USA and in Newfoundland, Canada. We then used a correlative approach to distinguish among models attempting to describe the dynamics of fish populations by testing the hypotheses outlined below. In this study we focus on recruitment rather than settlement because (1) the spatial extent of the study prevented the daily sampling necessary to quantify settlement, and (2) previous work has established that settlement and recruitment of the study species are highly correlated at the relevant spatial and temporal scales of this study (Levin 1994a (Levin , 1996 . Although a correlative approach cannot test for causal mechanisms, it does provide insight into the possible processes that may be responsible for the patterns we observed. Specifically, we asked these questions: (1) Does variability in recruitment and adult abundance occur at the same spatial scales in the Gulf of Maine and Newfoundland? (2) Does habitat structure affect recruitment and adult abundance similarly in the Gulf of Maine and Newfoundland? (3) Are large-scale differences in recruitment dynamics reflected in the a g e structure of cunner populations in the Gulf of Maine and Newfoundland?
STUDY ORGANISM
Cunner Tautoyolabrus adspersus are a common demersal fish and prominent members of nearshore communities in the Northwest Atlantic. Cunner occur from depths of greater than 90 m (Bigelow & Schroeder 1953) to intertidal zones (Ojeda & Dearborn 1990) and are common from Newfoundland to New Jersey, USA (Auster 1989) . Throughout their range, cunner are associated with reefs, sheltered rock substrata, or manmade structures (e.g. piers, wrecks, etc.). As young, they are often associated with algal cover (Olla et al. 1975 , Pottle & Green 1979 , Levin 1991 , 1993 , 1994b . Cunner have small home ranges (Green 1975 , Olla et al. 1975 , Pottle & Green 1979 ; adults limit most of their activity to core areas averaging <l00 m2 (Pottle & Green 1979 , Bradbury et al. 1995 . Tagging experiments have shown that juvenile cunner spend their first year within a few square meters (Tupper & Boutilier 1995) .
Cunner spawn in early and mid-summer (Dew 1976 , Pottle & Green 1979 , and their larval life averages 18 to 21 d south of Cape Cod, Massachusetts, USA (Gleason & Recksiek 1990) . Cunner spawn during early July in the Gulf of Maine thus settlement occurs in late summer. In Newfoundland, spawning occurs in late July and early August (Pottle & Green 1979 ) followed by settlement 3 to 4 wk later. (J. M. Green pers. obs.). During their first year, cunner generally reach a length of 25 to 30 mm total length (Levin 1996) , and adult fish can eventually reach a maximum size of 300 mm (Bigelow & Schroeder 1953) . For the purposes of this study, fish c 3 0 mm total length are referred to as 'recruits', and fish > 100 mm are referred to as 'adults' (Pottle & Green 1979) . We omitted older juvenile fish (30 to 100 mm total length) from this study. (Vermeij 1978) , representing Arctic (Newfoundland) and boreal (Gulf of Maine) zones. Sites were selected after extensively surveying numerous areas in both regions, and our study sites appear to be representative of both regions. The spatial extent of this study limited the number of sites that we could adequately sample; therefore, we have studied only a small area in both regions and it is possible that our sites are not representative of entire geographic regions. Abundances of cunner were estimated by censusing at least 10 haphazardly placed 15 X 1 m transects a t each site. Because adult and juvenile cunner are less cryptic than recruits, it was necessary to perform separate censuses for these age classes (Lincoln Smith 1988) . Thus, at sites with both recruits and adults, a total of 20 transects were censused. Data were analyzed with a 2-factor analysis of variance (ANOVA) on l o g ( x + l ) transformed data. Both geographic region and year were considered fixed effects.
METHODS

How d o densities
Because algal biomass and species con~position varied between the Gulf of Maine and Newfoundland (see 'Results'), we performed a n experiment in which recruitment was monitored to standard habitat units (SHUs) in both the Gulf of Maine and Newfoundland. SHUs consisted of 0.25 m2 of wire mesh (5 mm mesh size) attached to a PVC pipe frame. To prevent burial by shifting sand, legs were attached to the SHUs so they stood 0,5 m above the substratum. SHUs were deployed in April 1991 in Gosport Harbor, Isles of Shoals, New Hampshire, and in May 1991 in Broad Cove, Newfoundland (locations 2 and 9 on Fig. 1 ). As part of another experiment reported elsewhere (Levin 1993 (Levin , 1994a , SHUs were deployed in 2 spatial configurations: clumped (4 individual SHUs adjacent and touching to form a 1 m2 square) and random (4 SHUs placed randomly such that they were separated by 1 to 2 m). Twelve replicates of each spatial configuration were deployed in both the Gulf of Maine and Newfoundland. Sets of 4 SHUs were separated from each other and natural habitat by >6 m. By July, SHUs in both locales were coated with filamentous algae and colonial diatoms, thus providing appropriate habitat for recruiting cunner (Levin 1993) .
In the Gulf of Maine, SHUs were visually censused 11 of the 17 days when cunner settlement was observed in 1991 (August 1 to 17) and on 2 more dates following the settlement season (August 28 and October 21). In Newfoundland, we censused SHUs weekly beginning ca 3 wk after the onset of cunner spawning (late July). We increased our sampling to every 2 d from September 1 to 10, and then reduced our sampling to weekly thereafter. In both locations, sampling encompassed the entire settlement period.
How do densities of recruits and adults vary between locations within geographic regions and sites within locations? 'Locations' were defined as places separated by greater than 10 km and 'sites' as places separated by 100 to 1000 m. The size of the site scale was chosen to reflect the home range of adult cunner (Pottle & Green 1979 , Bradbury et al. 1995 , and thus we should have been sampling a resident population of fish with minimal migration. Two sites were sampled within each of 4 locations in the Gulf of Maine and 6 locations in Newfoundland. Censuses were conducted in 1991 and 1992 as described above. In 1993 additional censuses were conducted in Newfoundland sites; however, only recruits were enumerated along these transects.
Data were log(x+ 1) transformed and analyzed with a 3-factor ANOVA for each geographic region. Year was considered a fixed factor, while location and site (nested within location) were considered random factors. The ability to statistically detect a difference depends on the magnitude of the difference relative to the underlying variability. The magnitude of the difference is the most relevant issue in the context of this study since simply detecting a difference indicates little about whether a difference is biologically 'important', and the failure to detect a statistical difference may reflect low power rather than an 'unimportant' effect. Consequently, in addition to reporting significance values, we also examined the size of differences in the mean density of fish among locations and sites relative to the residual variation. We consider this measure as our operational definition of importance. To estimate the magnitude of difference we adapted the computational procedures for degree of association (pi) of Dodd & Schultz (1975) and Winer et al. (1991) for our ANOVA model. For location, pi was estimated as:
where pi is an estimate of the degree of association between the treatment effect (location) and the dependent variable (fish density), p i s the number of levels of location, and q is the number of levels of site. For site, pi was estimated as:
How does habitat structure affect variability of recruits and adults? To explore the relationship between habitat structure and the abundance of fish at large spatial scales (among reefs), we first quantified several different attributes of the habitat at sites in Newfoundland and the Gulf of Maine. Because previous work has shown that macrophyte cover (Levin 1991 (Levin , 1993 and height (Levin 1991) influence smallscale patterns of distribution in juvenile cunner, we focused on these factors in this large-scale study.
For algal analyses, 4, 7, and 11 sites were examined in the Gulf of Maine during 1990 Maine during , 1991 Maine during , and 1992 . Twelve sites were examined in Newfoundland in both 1991 and 1992. Algae were grouped as kelps (Laminaria saccharina, L. digitata, and Agarum cribrosum), foliose (Ulva lactuca) and branched (mostly Desmarestia spp., Ahnfeltia plicata, Codium fragile). These groupings have been used in the past (Levin 1991 (Levin , 1994b , and experiments have demonstrated that cunner recruits do not distinguish between the algal species within these groupings (Levin unpubl. data) . The mean percentage cover at each site was estimated by recording the type of plant at 10 cm intervals along randomly placed 15 m transects. A minimum of 3 transects was sampled at each site. Average cover of each algal type was calculated for each site and a multiple analysis of covariance (ANCOVA) was used to test for effects of kelp, branched algae and foliose algae on among-site variation in fish abundance in different years. In these models non-significant interaction terms (p > 0.25) were pooled with the error mean square (Underwood 1981) . The results of these analyses were visualized by performing regressions of fish density on algal cover in each year. The regression analyses were used only as an aid to interpret the multiple ANCOVA and were not used to determine significance; only the ANCOVA was used to ascertain statistical significance.
Average algal height for each site was determined by measuring the height of plants in at least 30 randomly selected positions. Height was considered to be the distance from the substratum to the apex of a plant in its natural position. An ANCOVA was used to test the hypothesis that variation among sites in the average abundance of fish in 1991 and 1992 was explained by the mean height of algae. The mean number of fish censused at a site was considered the response variable with site as a main effect and the mean algal height at that site as the covariate.
Does the age structure of adult populations vary between geographic regions? Adult cunner were collected in September-October 1992 from Appledore Island in the Gulf of Maine (location 2; Fig. 1 ) and Broad Cove in Newfoundland (location 9; Fig. 1 ) using several methods, including traps of different sizes and nets. These methods allowed us to capture all size classes of adult fish present in these populations; however, large, territorial males in the Gulf of Maine appeared to avoid our sampling gear and thus may be underrepresented in our sample. To age fish, sagittal otoliths (earstones) were removed, mounted on slides and viewed under a microscope. Otolith growth was concentric around a central nucleus and distinct bands were present. When viewed microscopically, layers corresponding to summer periods of active growth appeared as white opaque zones while layers laid down during periods of slow growth (late fall, winter and early spring) appeared as dark bands. Age in years was determined by counting the number of dark bands or annuli. Annulus formation has been experimentally validated (Chiasson unpubl. data).
RESULTS
Spatial patterns of abundance
Geographic patterns
Distinct differences in the abundance of cunner were found between Newfoundland and the Gulf of Maine. Significantly greater numbers of adults were found in Newfoundland than in the Gulf of Maine and this difference was consistent over time ( When we examined recruitment to standard habitat units which we knew provided appropriate habitat for newly settled cunner, the pattern of low recruitment in Newfoundland and higher recruitment in the Gulf of Maine was repeated. In the Gulf of Maine, w e observed a total of 999 cunner settling to 24 m2 of habitat in 1991, and at the end of the settlement season the number of recruits averaged 10.96 (1.60 SE) fish per m2. We saw no settlers and no recruits on our SHUs in Newfoundland. Thorough searches of all surrounding habitat also yielded no settlers or recruits. years of the study combined, the mean density of Adults Recruits adults in Newfoundland was ca 3-fold greater than in the Gulf of Maine (Fig. 2) . Adults. In the Gulf of Maine, variation in adult abundance was most pronounced at the scale of site rather than location (Fig. 3, Table 2 ). Examination of the degree of association (p,) between location or site and adult density, however, revealed that the site scale (p, = 0.14) and the location scale (pl = 0.13) were about equal in their ability to explain variability in adult abundances. Differences among sites were not consistent between years as evidenced by a significant interaction between site and year ( Table 2 ). In 1991, site Nubble 2 had more than 3 times the average density of adults than the other 3 sites where fish were present (Fig. 3) However, in 1992, of the sites where adults were present, site Nubble 2 had the lowest mean density (Fig. 3) . Despite an absence of adults in 1991, Shoals 1 had the highest average density of adults in 1992 with ca 3 times the density of other sites.
In Newfoundland, variation in adult abundance was evident at both location and site scales (Fig. 3 , Table 2 ).
Gulf of Maine
Newfoundland Fig. 3 . Tautogolabrus adspersus. Mean number of adult cunner on 15 X 1 m transects in the Gulf of Maine and Newfoundland for sites (e.g. Boon 1 and Boon 2) nested within locations (e.g. Boon 1 and 2 are together a single location) in 1991 and 1992. ANOVA revealed that vanation was significant at the scale of slte in the Gulf of Maine, but there was significant variability at both the location and site scales in Newfoundland (see Table 2 for statistical details) (Fig. 3) . The magnitude of the difference among locations differed between years, producing a significant location X year interaction (Table 2 ). In particular there was a decline in the density of fish in Bonne Bay, but there were generally higher densities at locations in Broad Cove and Holyrood (Fig. 3) . Recruits. The pattern of significant site-scale variation in the Gulf of Maine was evident for recruits just as Table 3 . Analysis of vanance examining recruit densities In 1991 and 1992 at different locations and sites in the Gulf of M a n e Only 3 recrults were observed In Newfoundland In both years of the study; thus, no analysis was performed for this region. Data were log transformed prior to analysis.
Significance: "'p < 0. Fig. 3 . ANOVA revealed that variat~on was pronounced at scale of site (see Table 2 for statistical details). A total of 3 recruits were observed in Newfoundland in 1991-1993, all at Bonne Bay for adults (Fig. 4 , Table 3 ). Additionally, more variation was explained at the site scale (p, = 0.30) than at the location scale (p, = 0.09). The Shoals 1 site averaged 37.8 (SE = 7.67) recruits per 15 m2 transect in 1991, and this was more than 4 times the average of any other site. In 1992 recruitment was substantially lower and site Nubble 1 had the highest density with an average of 3.6 (SE = 0.65) fish per transect. Thus, a significant interaction between site and year was present for recruits as it was for adults. It was not possible to examine patterns of recruitment in Newfoundland since only 3 recruits were seen in 3 years. However, all of the recruits were observed at Bonne Bay, and this happened to be the location with highest adult abundance.
Among-site relationships between habitat structure and abundance
Algal height
The relationship between algal height and the abundance of recruits and adults was investigated in 1991 and 1992. Variation among sites in algal height was not significantly associated with variability in the abundances of recruits or adults in either 1991 or 1992 (ANCOVA, p * 0.05).
Algal cover
Variation in cover of kelp, branched algae, and foliose algae was associated with variation in the density of fish; however, the nature of the relationship differed among age classes and geographic regions. Only branched seaweeds occurred at our Newfoundland sites, and no relationship between algal cover and abundances of adults was detected. An ANCOVA with year as the main effect and the percentage cover of branched algae as a covariate indicated that neither year (p = 0.20) nor branched algae (p = 0.82) had a significant effect on adult density. Since few recruits occurred in Newfoundland, we could not examine the effects of algal structure on among-site patterns of recruitment there.
In the Gulf of Maine, algal cover was highly variable and there were significant effects of algal cover on among-site variation in abundance ( Table 4 ) . Variation in branched seaweeds appeared to have no influence on the density of adults in the Gulf of Maine (Fig. 5 , Table 4 ). In contrast, adult cunner were associated with sites of high foliose algal cover in 1990 and high cover of kelp in 1991 (Fig. 5, Table 4 ).
Among-site variation in recruitment in the Gulf of Maine was not explained by the cover of foliose algae or kelp over the entire 3 year period (Fig. 5, Table 4 ) . However, there was a positive association between recruit density and kelp coverage in 1990. Additionally, there was a strong relationship between the cover of branched algae and recruitment in 1990 and 1991 (Fig. 5, Table 4 ). For example, in 1991, about 80% of the among-site variation in recruitment could be explained by variability in the coverage of branched algae. Table 4 . Multiple analyses of covariance examining the effects of average percent coverage of branching algae, kelps, and foliose algae on the mean densities of adult and newly recruited cunner in 1990-1992. Only sites from the Gulf of Maine are shown here (see text for Newfoundland results). When interaction terms were non-significant at p > 0.25, they were pooled w~t h the error mean square (Underwood 1981) . Transect counts of fish were log transformed and percent cover data were arcsine transformed. Significance: ' p < 0.05, "p < 0.01, "'p < 0. Table 4 . p-values <0.10 from regressions are shown above bars Age structure of adult populations
Contrary to an expectation of declining abundance with age due to mortality, 43 % of the 1992 sample from the Broad Cove, Newfoundland population consisted of fish from the 1985 year class (Fig. 6B) . Similarly, the age structure of another collectlon of adult cunner made in 1984 from this site using the same methods and with assistance from one of us (J. M. Green, data from Gravel 1987) is incompatible with the expectation of declining abundance with age (Fig. 6A) . The dominant year classes, 1969 and 1971, each comprised about 1 4 % of the population, and thus represent exceptionally strong year classes since these fish were > l 3 yr old at the time of collection.
In contrast to the Broad Cove, Newfoundland population, the expectation of declining abundance with age was generally met in the Appledore Island, Maine population. The age structure of this population was dominated by 2 yr old fish and each subsequent age class declined In abundance (Fig. 6C) . Two year old fish were the youngest fish our collecting methods adequately sampled. The scale at which investigations are conducted may influence the patterns that emerge (Dayton & Tegner 1984 , Wiens et al. 1986 , Addicott et al. 1987 , Menge and Olson 1990 , Levin 1992 , and no single mechanism is likely to explain patterns exhibited at different spatial scales (Levin 1992) . Thus, research on reef fishes should address how well models developed at small spatial scales explain patterns observed at larger scales. Most experimental studies on the ecology of reef fishes have necessarily been conducted at small spatial scales (e.g. Doherty 1983 , Jones 1984 , Carr 1989 , Forrester 1990 , Wellington 1992 , Hixon & Beets 1993 , Levin 1993 , Tupper & Boutilier 1995 ), and O1%0 1965 1970 1975 1980 models predicting the dynamics of populations of reef fishes have emerged largely from these small-scale studies (Doherty 1991 , Jones 1991 . Those studies that have been conducted at large scales frequently examine small patch reefs over a broad region (Fowler et al. 1992 , Doherty & Fowler 1994 ) and may simply be examining small-scale processes over large areas. In this study there were striking differences between geographic regions in the densities of recruits and adult fish. Although far greater densities of adults were observed in Newfoundland, virtually no recruits were observed there. By contrast, in the Gulf of Maine, we observed fewer adults, but high densities of recruits. These regional differences were consistent over time, and this consistency suggests that factors that function at large scales, such as oceanographic processes, may be responsible for the observed pattern. Similarly, the pattern of distribution of fish recruits among geographic regions along the Great Barrier Reef, Australia (Doherty 1987 , Fowler et al. 1992 , Doherty & Fowler 1994 ) and southern California, USA (Cowen 1985) appears to have persisted for several years and is thought to b e the result of large-scale oceanographic processes. However, because we were able to sample only a limited number of sites in both the Gulf of Maine and Newfoundland, it is difficult to determine whether the differences we observed are truly 'geographic' in nature or whether similar patterns might emerge between sets of sites separated by hundreds of kilometers within the Gulf of Maine or Newfoundland. Furthermore, the available habitats in the Gulf of Maine and Newfoundland are consistently different, with Gulf of Maine sites having far more macroalgal cover. Thus, it was impossible to hold habitat constant as we increased the spatial extent of our sampling. Nonetheless, the results of our small-scale experiment in which we provided the same recruitment habitat in both regions and still observed high recruitment in the Gulf of Maine and no recruitment in Newfoundland is concordant with our findings at larger scales. Thus, the lack of recruitment in Newfoundland may not be the result of an absence of appropriate recruitment habitat.
The scale at which we detected variation in abundances of fish varied between Newfoundland and the Gulf of Maine. In general, variability in fish density occurred at a smaller scale in the Gulf of Maine than in Newfoundland. In both regions, there were significant changes in the magnitude of among-site differences among years. Variability in patterns of abundance of fish are the result of interactions between the supply of larvae competent to settle, the response of settling larvae to habitat characteristics at a site, and the survivorship of individuals after settlement (Jones 1991) .
Changes among years in the relative abundances of fish among cohorts requires that: (1) interannual vanability in larval supply is reflected as variability in subsequent age classes; (2) changes in predator or resource abundance alter the probability of a settling larva surviving to different age classes; and/or (3) changes in the habitat of sites or locations make them more or less attractive to settling fish in different years. Below, we discuss the evidence for these possibilities from this study, first considering the significance of pre-settlement processes followed by a discussion of post-settlement processes.
Is variation in the abundance of cunner the result of processes occurring prior to settlement?
In the Gulf of Maine, variability in the densities of both recruits and adults was consistently most pronounced at the site scale (10 to 1000 m); however, vanability in the abundance of pre-settlement cunner consistently occurs at the location scale (ca 10 km) (Levin 1996) . Moreover, the average density of pre-settlement fish at the Isles of Shoals location in 1991 was 2 orders of magnitude lower than at the Portsmouth locatlon (Levin 1996 ), yet we did not detect a similar pattern for older fish. In fact, average densities of recruits in 1991 were actually greater at the Isles of Shoals than in Portsmouth. This pattern is opposite that expected if larval supply was the primary determinant of population size. At present, there are too few data to unequivocally conclude that pre-settlement processes d o not determine population size of cunner; however, spatial patterns presented here are not consistent with what is presently known about the larval distribution of cunner.
The situation in Newfoundland is clearly very different from that of the Gulf of Maine. Despite higher numbers of adults in Newfoundland than in the Gulf of Maine, in Newfoundland we observed only 3 recruits in 3 yr. In addition, the age structure of the cunner population in Broad Cove, Newfoundland is dominated by a few widely spaced strong year classes. Our 1992 sample of this population suggests that there had not been a substantial recruitment pulse in 7 yr. The alternative explanation that post-settlement mortality was unusually low in these years seems unlikely. Abiotic factors such as temperature, salinity and wind speed or direction were not unusual in the years of strong a g e classes (Canadian Department of Fisheries and Oceans unpubl. data), and it seems improbable that large variability in predator densities are responsible for the observed pattern.
Although a cautious interpretation of these data is required, it seems possible that episodic recruitment events may have been responsible for much of the variation we see in cunner populations in Newfoundland. Newfoundland is at the northern edge of the range of cunner, and recruitment of fishes appears to be more variable at the edges of their range (Cowen 1985 , Winemiller & Rose 1992 . Recruitment to populations of other North Atlantic fishes such as cod Gadus morhua, haddock Melanogrammus aeglefinus and herring Clupea harengus is also more variable at the northern limit of these species ranges (Myers 1991) . The location-scale variation we observed in Newfoundland is consistent with the idea, that pulses of presettlement fish are significant in producing patterns of abundance. We do not yet know how spatially or temporally variable these pulses are, nor do we know the extent that these pulses are modified in different locations or sites.
Is variation in abundance of cunner the result of post-settlement processes?
Patterns of cunner abundance in the Gulf of Maine were significantly affected by the biogenic structure of the habitat in this study as well as in other studies (Levin 1991 , 1993 , 1994a , b, Tupper & Boutilier 1995 . Two alternative explanations of this pattern seem plausible. First, it is possible that fish select specific habitats at settlement. The use of specific microhabitats by reef fishes has been demonstrated both on tropical (Sale et al. 1984 , Eckert 1985 , Sweatman 1985 , Booth 1992 , Wellington 1992 , Tolimieri 1995 and temperate reefs (Carr 1991 , Levin 1991 , 1993 . Moreover, larger scale associations of reef fish with particular habitats are common (Choat & Ayling 1987 , Jones 1988 , Ebeling & Hixon 1991 , Sale 1991 .
However, small-scale patterns of abundance created by differential habitat use are not necessarily good predictors of larger scale patterns (Tolimieri 1995) . For example, Levin (1991) found that newly settled cunner were associated with microhabitats dominated by branched and foliose algae. In a comparison of 2 sites in the Gulf of Maine separated by ca 100 m, he found that the site with far lower algal coverage had 3 times the density of recruits than the site with higher coverage. However, censuses conducted over the next 2 yr showed that this pattern of recruitment was subsequently reversed such that more juveniles and adults were found in the site with higher algal cover (Levin 1993) . Consequently, in this example, habitat selection per se did not produce the observed patterns of juvenile and adult abundance. Rather, it appears that a second mechanism, differential mortality in habitats of different patch structure, produced abundance patterns of older fish (Levin 1993 (Levin , 1994a . It should be noted, however, that both sites used by Levin in his comparison had relatively high cover of erect macroalgae (>30%). Certain.ly, if sites have extremely low levels of plant cover, broad-scale selection of habitats by settling fish should be more important (e.g Bell & Westoby 1986). Moreover, in some fish species there appears to be a threshold response to algal cover, such that, below some level, increasing algal cover does not result in increases in recruit density (Anderson 1994 , Levin & Hay 1996 . For example, Anderson (1994) found that kelp perch Brachyistius frenatus on reefs off the California coast did not increase in abundance as cover of the canopy of the giant kelp Macrocystis pyrifera increased from 0 to 45% cover. However, as M. pyrifera increased above 45% cover, there was a dramatic increase in the density of kelp perch.
Further work is clearly needed to fully understand the mechanisms producing the large-scale association of cunner recruits with seaweeds in the Gulf of Maine sites. For example, the correlative approach of this study does not allow separation of losses due to migration versus mortality. This is particularly a problem with adults since they are much more mobile than recruits or juveniles and are less restricted to algal structure than younger fish (Pottle & Green 1979 , Levin 1993 . Despite tagging studies that show adult fish have very restricted movements (Pottle & Green 1979 , Bradbury et al. 1995 , if the propensity of fish to move varies among sites or years, then this could change the interpretation of our results. In addition, the role of food supply was not investigated in this study. Recent work suggests that variability in food supply among algal patches influences recruitment variability of cunner (Levin 1994b) , and that cunner recruits show density-dependent growth (Tupper & Boutilier 1995) .
Our data for recruitment to Newfoundland populations of cunner are sparse, and thus we can draw only limited conclusions about the importance of post-settlement processes in this region. Adult mortality or movement, however, may be of greater importance in Newfoundland than in the Gulf of Maine. Cunner enter a state of torpor at temperatures below 5°C and overwinter in rock crevices within their home range (Green & Farwell 1971) . If the size of overwintering shelters is small, larger adults may not survive the winter (J. M. Green pers. obs.). Moreover, large numbers of adult cunner (>2000) have been killed following winter storms in which ice crystals contacted overwintering fish as a result of strong wave action (Green 1974) . Thus, at least at single locations, adult mortality may contribute to fluctuations in the size of local population~, particularly since replenishment of the population via larval recruitment appears to be rare and episodic.
The generality of population models for reef fishes Variable replenishment of populations is characteristic of both temperate (Sissenwine 1984 , Cowen 1985 , Jones 1988 ) and tropical (Doherty & Williams 1988 , Doherty 1991 reef-fish populations. The process of settlement is a major event in the life history of such populations, and it is not surprising that much attention has focused on events occurring at or near the time of settlement. The paradigm that initially emerged from these studies is that many populations of reef fishes are generally undersaturated as a result of persistently low rates of settlement resulting from a shortage of larvae (Doherty & Williams 1988) . Variability in the rate of settlement was thought to be greater than that associated with post-settlement mortality. Consequently, the rate of settlement was thought to be the leading determinant of subsequent population size.
This paradigm has been modified in favor of an approach that asks questions concerning the relative contribution of variations in settlement and post-settlement loss (Doherty 1991 , Hixon 1991 , Jones 1991 . Answers to such questions, however, have varied among species (e.g. Victor 1986 , Forrester 1990 , Connell & Jones 1991 , Wellington 1992 , Hixon & Beets 1993 , Levin 1994a , and with the scale of investigation (Fowler et al. 1992) . Consequently, we must consider the generality of models predicting the dynamics or sizes of population of reef fishes. Can the paradigm established largely in tropical systems be extrapolated to temperate or Arctic zones? Or are we faced with the impracticable, ineffectual task of creating species or geographically specific models?
It is evident that models that are based solely on rates of settlement are too simple to adequately predict the dynamics or sizes of fish populations (Warner & Hughes 1988 , Jones 1991 . Models that include variable rates of both settlement and post-settlement loss are clearly necessary (Warner & Hughes 1988 , Hixon 1991 , Jones 1991 . Recent multi-factor experiments have directed more attention to processes occurring after settlement (Jones 1987 , Forrester 1990 , Connell & Jones 1991 , Wellington 1992 , Hixon & Beets 1993 , Carr 1994 . These studies are the first step towards a more comprehensive understanding of population dynamics of fishes, and future work that simultaneously examines settlement and post-settlement loss should be encouraged. Thus, generalizations concerning the dynamics of fish population~ must await further descriptive and experimental studies that investigate both pre-and post-settlement processes. Moreover, studies of single species over a range of spatial or temporal scales are rare, and evidence in this study and elsewhere suggests that meaningful models of population dynamics should address processes occurring at multiple scales (Levin 1992) .
